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Gamma oscillations are commonly observed in sen-
sory brain structures, notably in the olfactory bulb.
The mechanism by which gamma is generated in
the awake rodent and its functional significance are
still unclear. We combined pharmacological and
genetic approaches in the awake mouse olfactory
bulb to show that gamma oscillations required the
synaptic interplay between excitatory output neu-
rons and inhibitory interneurons. Gamma oscillations
were amplified, or abolished, after optogenetic
activation or selective lesions to the bulbar output
neurons. In response to a moderate increase of
the excitation/inhibition ratio in output neurons,
long-range gamma synchronization was selectively
enhanced while the mean firing activity and the
amplitude of inhibitory inputs both remained un-
changed in output neurons. This excitation/inhibition
imbalance also impaired odor discrimination in an
olfactory learning task, suggesting that proper fast
neuronal synchronization may be critical for the cor-
rect discrimination of similar sensory stimuli.
INTRODUCTION
Gamma-frequency rhythms (g, 40–100 Hz) are ubiquitous in sen-
sory systems, where they enable precise spike timing for the
synchronization of neural assemblies (Wang, 2010; Whittington
et al., 2011; Buzsa´ki and Wang, 2012). In the olfactory bulb
(OB), g oscillations emerge spontaneously in behaving animals
in response to respiration-related rhythmic activity from the
olfactory sensory neurons (Kay et al., 2009). When compared
with in vitro or anesthetized models, g oscillations collected in
awake animals exhibit three unique features: (1) they are more
prominent and emerge in absence of odor stimulation (Li et al.,
2012); (2) they comprise distinct subbands (Kay, 2003); and (3)
they display a complex spatiotemporal dynamic in response to
odor (Martin et al., 2006; Kay et al., 2009). The divergence
between anesthetized and awake results also extends to the
strength of olfactory inputs (Vincis et al., 2012) and to the encod-
ing of olfactory information by OB output neurons. In contrast to
anesthetized animals, in which firing rate-based representation1010 Neuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Incof odors dominates, odor responses in awake animals are
rate invariant and are characterized by temporal changes in
spike timing (Rinberg et al., 2006; Gschwend et al., 2012).
Collectively, these observations call into question the validity of
transposing data from in vitro or anesthetized models to the
awake status and indicate the need for a comprehensive anal-
ysis of the mechanisms that generate g oscillations in the awake
animal.
The OB is the first relay of the olfactory systemwhere olfactory
information is processed before being conveyed to the cortex. In
the OB, sensory neuron axons terminate in the glomeruli where
they form excitatory synapses with output neurons, namely
mitral/tufted cells (MCs). Excitatory sensory inputs to MCs
trigger glutamate release from their lateral dendrites onto a large
population of local axonless interneurons, the granule cells
(GCs), which in turn inhibit MCs via dendritic GABA release
(Isaacson and Strowbridge, 1998; Chen et al., 2000). In addition,
glutamate release from MC dendrites can also trigger recurrent
excitation via AMPA and NMDA receptors (AMPARs and
NMDARs, respectively) (Salin et al., 2001; Aroniadou-Anderjaska
et al., 1999; Isaacson, 1999). The dendrodendritic reciprocal
synapse supports recurrent and lateral inhibition between MC
and GC dendrites. Because recurrent and lateral inhibition medi-
ates key steps in sensory processing such as gain control and
odor selectivity of MC responses (Tan et al., 2010), dendroden-
dritic inhibition is crucial for proper odor discrimination (Abraham
et al., 2010). In vitro recordings and current-source density anal-
ysis in anesthetized rodents have shown that the dendroden-
dritic reciprocal synapse is also a key player for generating OB
g oscillations (Neville and Haberly, 2003; Lagier et al., 2004,
2007; Bathellier et al., 2006). However, these studies have not
explored alternative mechanisms such as gap junction coupling
between MCs (Schoppa and Westbrook, 2001) or intrinsic inter-
neuron-interneuron networks (Eyre et al., 2008). In addition, the
mechanism by which the frequency of g oscillations is dynami-
cally controlled in the awake animal is still unclear. Finally, the
role of g rhythms in sensory coding is still debated, notably
because of the lack of experimental means to selectively manip-
ulate g synchronization in awake rodents.
Here, we combine genetic, optogenetic, and pharmacological
tools with in vivo electrophysiology in the awake mouse and
identify the neuronal circuit necessary to generate g oscillations
in the OB. Using multielectrode recordings, we show that a
moderate increase in the excitation/inhibition balance of output
neurons increases their long-range g synchronization without
altering their firing rate or the inhibitory amplitude that they.
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manipulations may affect odor discrimination and learning.
RESULTS
Pharmacological Characterization of g Oscillations in
the Behaving Mouse
The dendrodendritic reciprocal synapse mediates recurrent inhi-
bition triggered by activation of NMDARs expressed on GC
spines, with minimal effects from AMPARs (Isaacson and Strow-
bridge, 1998; Chen et al., 2000; Figure 1A). To investigate its role
in the generation of g oscillations, wemonitored local field poten-
tials (LFPs) in the OB during spontaneous exploration after
local microinfusion of NMDAR antagonists. LFP signals were
composed of bursts of g oscillations (40–100 Hz) superimposed
onto prominent slower oscillations in the theta range (1–10 Hz;
Figure 1B). The theta oscillations are largely driven by sensory in-
puts (Margrie and Schaefer, 2003) and highly correlate with the
breathing rhythm (Figure S1A available online). Consequently,
the power spectrum of the LFP exhibited peaks in two frequency
bands, in the theta and in the g range (Figure 1C). A local injection
of an NMDAR antagonist (APV or MK801) induced a rapid and
dose-dependent reduction in g oscillation power (Figures 1B–
1E), supporting the critical role of NMDAR in enabling g oscilla-
tions. g oscillations could be split in two subbands, the low
(40–70Hz) and high (70–100Hz) bands. NMDARantagonists dis-
rupted both g subbands (Figures 1B and 1C) without changing
the mean g frequency (Figures 1C and 1E). In contrast, NMDAR
antagonists did not alter theta oscillations (APV 1 mM: +16.1% ±
13.5% of baseline theta power, p > 0.25, with a paired t test, n =
12; MK801 1 mM: +7.5% ± 10.3%, p > 0.25, n = 12).
Gap junction coupling between interneurons can generate and
maintain g oscillations in the cortex (Whittington et al., 2011).
However, infusion of the gap-junction blocker carbenoxolone
(CBX, 25 mM) in the OB revealed that gap junctions did not
contribute substantially to g oscillations (Figure 1E). In contrast
to NMDAR antagonists, injection of an AMPAR antagonist
(NBQX, 0.2 mM) dramatically decreased both g (92.6% ±
1.4% of baseline g power, p < 0.001, with a paired t test, n = 9)
and theta (NBQX 0.2 mM: 68.1% ± 8.1% of baseline power,
p < 0.01, paired t test, n = 9; data not shown) power. Since block-
ing AMPAR strongly decreased the sensory inputs to theOB (see
also Margrie and Schaefer, 2003), the resulting decrease in g
might result from a direct effect on the dendrodendritic synapse
and/or from the reduction in sensory input strength.
In numerous brain regions in which fast oscillations have been
studied, g rhythms rely on activation of fast GABAA receptors
(GABAARs) (reviewed in Wang, 2010; Whittington et al., 2011;
Buzsa´ki and Wang, 2012). In OB slices, bath application of
GABAAR antagonist decreased g oscillations in a dose-depen-
dent manner, without affecting g frequency (Lagier et al., 2004;
Bathellier et al., 2006). In the behaving mouse, local microinfu-
sion of the GABAAR antagonist picrotoxin (PTX, 2 mM) induced
a rapid suppression of g oscillations (63.9% ± 8.1% compared
to baseline, p < 0.001 with a paired t test, n = 10) in all g sub-
bands, while sparing theta oscillations (Figure S1B). Surprisingly,
this initial suppression of g was followed 30 min postinjection
by a large increase of power specifically in the low-g band (Fig-Neure S1B). A similar biphasic regulation of g power was also seen
after applying gabazine, another GABAAR antagonist (0.5 mM
GBZ). Interestingly, lower concentrations of PTX (0.031 to
0.5 mM) systematically increased g oscillation amplitude in a
dose-dependent manner (Figures 1F–1H). Spectral analysis
revealed that while low-g (40–70 Hz) oscillations increased in
power, high-g (70–100 Hz) oscillations were diminished (Figures
1G and 1H), resulting in a significant reduction of the mean g fre-
quency (baseline: 71.2 ± 0.6 Hz and PTX: 60.8 ± 1.1 Hz; p <
0.001, with a paired t test, n = 12) and in the g frequency peak
(baseline: 63.3 ± 1.1 Hz and PTX: 54.7 ± 0.7 Hz; p < 0.001; Fig-
ures 1H and 1I). This result was independent of the breathing
rhythm since a similar effect was seen during high-frequency
or low-frequency (Figure 1F; Figure S1C) sniffing. It was specific
to g oscillations since theta rhythms remained unaffected by PTX
treatment (+15.5% ± 8.2% compared to baseline theta power;
p = 0.082, with a paired t test, n = 12). These effects were specific
to the awake state, as PTX injection (0.5 mM) in urethane-anes-
thetized mice decreased odor-induced g oscillation power
(51.6% ± 5.4% compared to baseline, p < 0.001 with paired
t test, n = 8; Figure S1D). In conclusion, g oscillations rely on
both GABAAR and NMDAR, two critical elements that mediate
dendrodendritic inhibition. In contrast to the anesthetized state,
low doses of GABAAR antagonists (but not NMDAR antagonists)
specifically increase power in the low g subband.
Each g subband displayed a phase preference in the theta
cycle (Figure 1F; Figure S1E). Bursts of high-g oscillations
appeared at the inhalation-exhalation transition and systemati-
cally preceded low-g oscillations by 42.7 ± 2.8 (Figure S1E).
Despite the important change in power within each g subband,
local microinfusion of PTX (0.5 mM) did not significantly modify
the phase preference (low g, +0.8 ± 5.4; high g, 2.6 ± 4.6;
p > 0.2, Hotelling paired test, n = 12) or the modulation strength
of the low- and high-g rhythms (p > 0.1, paired t test; Figure S1E).
Therefore, PTX modified the endogenous balance between low-
and high-g oscillations while preserving the phase coupling of
each g subband with the breathing cycle.
How could GABAAR antagonists, when used at different con-
centrations, lead to opposite effects, whereas NMDAR blockers
induced a monotonic dose-dependent effect? To address this
question, we further investigated the nature of PTX-induced
oscillations (Figure S1F). Injection of 1 mM APV (or MK801)
strongly suppressed PTX-induced low-g oscillations, revealing
their dependence on NMDAR activation, and injection of NBQX
(0.2 mM) suppressed g and theta oscillations (Figure S1F).
Finally, a second injection of low doses of PTX (0.5 mM) had
no further effect on PTX-induced g oscillations, ruling out any
contribution from a rebound of GABAAR inhibition after the first
injection (Figure S1F). Thus, a reduction of GABAAR inhibition
uncovered an NMDAR-/AMPAR-dependent component that
drove low-g oscillations. To confirm this, we evaluated the
effects after tonic activation of AMPAR or NMDAR by local injec-
tion of very low doses of kainate or NMDA, respectively. Similar
to PTX, the presence of glutamatergic agonists triggered a rapid
increase in g power characterized by enhanced low-g and
reduced high-g power (Figure 1I), leading to a drop of g fre-
quency (baseline versus kainate: 67.1 ± 0.6 versus 54.3 ±
0.7 Hz, n = 12; baseline versus NMDA: 67.6 ± 0.9 versusuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Inc. 1011
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Gamma Synchrony and Odor Discrimination59.2 ± 0.8 Hz, n = 10 p < 0.001with a paired t test). Injection of the
glutamate uptake blocker TBOA (1 mM) showed that spillover of
synaptically released glutamate also increased low-g power
(Figure 1I) and decreased g frequency (baseline: 68.4 ± 0.8 Hz;
TBOA: 63.3 ± 0.6 HZ, p < 0.001 with paired t test, n = 14). The
increase in low g seen in the presence of glutamate reuptake
blockers or low concentrations of PTX suggests the role of den-
drodendritic inhibition and extrasynaptic glutamatergic excita-
tion in controlling g power and frequency.
The Reduction of GABAAR-Mediated Inhibition Unmasks
MC Recurrent Excitation
To characterize the origin of the glutamatergic influence on g
generation revealed by reducing GABAAR-mediated inhibition,
we sought to describe the properties of dendrodendritic synaptic
transmission in the awake mouse. For this, we recorded evoked
field potentials after paired stimulation of the lateral olfactory
tract (LOT) in behaving animals (Figure S2A). LOT stimulation
evoked a large and rapid field excitatory postsynaptic potential
(fEPSP) that corresponded to the activity of the MC-to-GC gluta-
matergic synapse, as confirmed by the blockade of the response
by 0.2 mM NBQX (78.6% ± 7.4% compared to baseline, p =
0.001 with a paired t test, n = 4). The paired-pulse protocol
revealed strong paired-pulse depression in control conditions
that transitioned into paired-pulse facilitation in the presence of
0.5 mM PTX, characterized by a robust increase both in ampli-
tude and in the initial slope of the second fEPSP (Figures S2B
and S2D). In contrast, injection of APV suppressed the inhibition
of the second fEPSP and set the paired-pulse ratio close to one
(Figures S2C and S2D). Blocking glutamate uptake using TBOA
(1mM) also inverted the paired-pulse ratio similar to PTX (Figures
S2C and S2D). PTX-induced paired-pulse facilitation was abol-
ished by a subsequent injection of APV (Figure S2E), consistent
with a permissive effect of PTX on paired-pulse-induced recur-
rent excitation in MC dendrites. Thus, reducing the GABAAR
inhibition, or blocking glutamate reuptake, induced robustFigure 1. Pharmacological Dissection of Spontaneous g Oscillations in
(A) Schematic drawing of the dendrodendritic synapse betweenMCandGCdendr
and glutamate (blue vesicles) release that activates postsynaptic AMPAR and N
extend from voltage-gated Ca2+ channels [VACC] in brown) triggers GABA releas
release also activates extrasynaptic glutamate autoreceptors on MC lateral dend
(B) Example traces of LFP signals (1–100 Hz bandwidth) and filtered traces befor
high-frequency theta (6–10 Hz), characteristic of sniffing activity.
(C) Example power spectra density of spontaneous LFP after APV injection.
(D) Time course of g spectral power 40 min before and 90 min after injection of sa
baseline period. T0 corresponds to the first minute following the end of injection. N
MK801: 63.4% ± 5.2%) followed by the progressive wash out of the drug.
(E) Mean g frequency changes (top: gray circles indicate baseline and colored squ
0–20 min period following injection of saline (n = 6), 1 mM APV (n = 12), 0.25 m
carbenoxolone (CBX, n = 8). ***p < 0.001 with paired t test between 40 and 1
(F) Same as (B) with low doses of picrotoxin (PTX, 0.5 mM). Above the low g- and
peak of the g burst.
(G) Example of LFP power spectra after PTX injection.
(H) Time course of g power (top) and mean g frequency (bottom) 40 min before an
0.5 mM (n = 12), and 2 mM (n = 10) normalized to the baseline period. T0 corres
(I) g (top), low g (middle), and high g (bottom) power (normalized to baseline period
125 mM (n = 10), 0.5 mM (n = 12), and 2 mM (n = 10), gabazine (GBZ) at 0.5 mM (n =
0–20 min period following injection for kainate (KA) at 50 mM (n = 12), TBOA at 1
***p < 0.001, paired t test compared to 40/10 min baseline period. Data are m
Nepaired-pulse facilitation, consistent with the unmasking of MC
lateral dendrite recurrent excitation.
Selective Contribution of Inhibitory Circuits to g
Oscillations
Thesensitivity ofgpower to antagonists ofNMDARsorGABAARs
led us to investigate the specific contribution of dendrodendritic
inhibition in generating g oscillations. In the OB, GABAergic in-
puts impinge not only onto MCs but also onto GCs. These two
distinct inhibitory circuits involve different GABAAR subunit com-
positions.MCdendrites express the a1GABAAR subunit (Panza-
nelli et al., 2005; Lagier et al., 2007), while GCs express the a2
subunit (Pallotto et al., 2012; Eyre et al., 2012). To evaluate the
selective contribution of each inhibitory circuit to the generation
of g oscillations, we used knockin mice in which a point mutation
was introduced in either the a1 or the a2 subunit, rendering the
respective receptors insensitive to diazepam (Rudolph et al.,
1999; Lo¨w et al., 2000). In wild-type (WT) animals, diazepam
strongly decreased g power in a dose-dependent manner with
a modest decrease in the mean frequency (Figure 2A). Similar
effects were seen in a2(H101R) mutant mice but not in
a1(H101R)mice (Figures 2A and 2B), indicating thatg oscillations
are sensitive to circuit elements that specifically contain
a1-GABAARs. Thus, g oscillations rely on inhibition received by
MCs from GCs but not on inhibitory inputs onto GCs.
To further investigate the role of MCs in generating g oscilla-
tions, we examined amutant mouse line (the Purkinje cell degen-
eration or PCD line) characterized by a selective degeneration of
the MC population during adulthood (postnatal days [P] P60–
P150). Due to MC loss, GCs establish new contacts with the
remaining tufted cells (Greer and Shepherd, 1982; Greer and
Hala´sz, 1987), thus leaving intact the multilayered OB organiza-
tion (Figure 2C). LFP recordings in WT animals exhibited typical
signals composed of bursts of g oscillations on top of a theta
rhythm. In contrast, homozygous PCDmice lacked g oscillations
(Figure 2C). The fact that theta oscillations remained unaffectedthe Freely Behaving Mouse
ites. Action potential propagation in theMC lateral dendrites triggers Ca2+ entry
MDAR in the GC dendrites. In turn, Ca2+ entry from NMDAR (and to a lesser
e (red vesicles) and postsynaptic activation of GABAAR. In addition, glutamate
rites.
e (‘‘baseline’’) and 10 min after intrabulbar injection of APV (0.25 mM). Note the
line (n = 6), APV (n = 12), and MK801 (n = 12), normalized to the40 to10 min
ote the immediate and strong suppression of g at T0 (APV:84.2% ± 4.6% and
are the postinjection) and g power (bottom: normalized to baseline period) in the
M APV (n = 10), 1 mM MK801 (n = 12), 0.25 mM MK801 (n = 10), and 25 mM
0 min baseline period and 0–20 min postinjection period.
high g-filtered LFP are their respective amplitude envelope and the detected
d 90 min after injection of saline (n = 6), PTX at 31 mM (n = 10), 125 mM (n = 10),
ponds to the first minute following injection.
) in the 0–20min period following injection of saline (n = 6), PTX at 31 mM (n = 10),
12), in the 30–50 min following injection for PTX 2 mM and GBZ 0.5 mM, in the
mM (n = 14), and in the 1 min period for NMDA at 50 mM (n = 10). **p < 0.01,
ean ± SEM. See also Figure S1.
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Figure 2. Role of Inhibition Received by MCs in Generating g Oscillations in the Freely Behaving Mouse
(A) Time course of normalized g spectral power recorded 40 min before and 120 min after intrabulbar injection of diazepam (20 mM) in WT (n = 8), a1(H101R,
n = 12), and a2 (H101R, n = 12) knockin mice or vehicle (propylene glycol) in WT (n = 8). T0 corresponds to the first minute following injection. Note the transient
nonselective 50% decrease of oscillatory activity at T0 due to the hydrophobic nature of the vehicle.
(B) g power (bottom: normalized to baseline) and mean g frequency changes (top: gray circle, baseline and colored square, postinjection) in the 20–40 min period
following injection of diazepam 20 mM and 5 mM in WT (n = 8), a1(H101R, n = 12 for 20 mM, n = 8 for 5 mM), and a2(H101R, n = 12 for 20 mM, n = 8 for 5 mM)
knockin mice and vehicle in WT (n = 8). *p < 0.05, **p < 0.01, **p < 0.001, paired t test between baseline and 20–40 min periods.
(C) Left: coronal OB sections fromWT and PCDmouse, showing the small surface reduction and the preserved layered organization in the PCDmouse. Right: LFP
traces and g-filtered signals in WT and PCD mice.
(D) Power of g oscillations in spontaneous condition and after odor presentation (amyl acetate, 1%) in WT (n = 8) and PCD (n = 8) mice.
(E) Normalized g power (left) andmean g frequency (right) of WT (n = 8) and PCD (n = 8) mice in baseline (‘‘Base’’) and 20min after intrabulbar PTX (0.5 mM, red) or
kainate (50 mm, blue) injection. **p < 0.01, ***p < 0.001 with paired t test. Data are represented as mean ± SEM.
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Gamma Synchrony and Odor Discriminationconfirms the integrity of sensory inputs to the mutant OB (Greer
and Shepherd, 1982). The absence of g in PCD mice was
observed during spontaneous exploration as well as upon odor
stimulation (Figures 2D and 2E). Interestingly, low concentrations
of PTX (0.5 mM) or kainate (50 mm) increased the low-g power
and reduced g frequency in WT but had no effects in PCD
mice (Figure 2E). Likewise, blocking glutamate reuptake had
no effect on g power or frequency in PCD mice (TBOA 1 mM,
2.6% ± 12.5% change in g power compared to baseline,
n = 4). We conclude thatMCs are necessary for generating spon-
taneous g oscillations as well as for mediating the increase in g
induced by the weakening of GABAAR inhibition or by the
increase in extrasynaptic glutamatergic excitation.
Odor-Induced Oscillations in the Awake Behaving
Mouse
Odor stimulation profoundly remodels spontaneous olfactory
oscillations and can lead to the emergence of beta oscillations1014 Neuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Inc(b; 15–40 Hz) during learning (Martin et al., 2006). We investi-
gated whether low-g and b oscillations reflect distinct mecha-
nisms in awake animals. For this, we recorded LFPs in mice
engaged in an olfactory Go/NoGo task (Figure 3A). After sur-
passing the performance criterion andmaintaining stable perfor-
mance (i.e., 98.0% ± 1.2% of mean correct responses on the
last 200 trials, hexanol versus benzaldehyde 5%), mice were
recorded before and after receiving a unilateral OB injection of
PTX or MK801. Each odor presentation (odor sampling time,
710 ± 33 ms, n = 8 mice) was preceded by a 1 s waiting period
in the odor port (preodor waiting time; Figures 3A and 3B). On
baseline trials, active odor sampling was systematically associ-
ated with a transient reduction in g power (25.2% ± 4.2%
compared to preodor time) and by the emergence of slower
oscillations in the b range (mean b frequency: 32.0 ± 0.3 Hz; Fig-
ure 3B). Injection of low doses of PTX induced a strong increase
in g power during odor presentation, associated with a decrease
in g frequency (Figure 3C). The g oscillation ratio during odor.
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Figure 3. Odor-Induced Oscillations during an Olfactory Learning Task
(A) Schematic drawing of theGo/NoGo learning task. Each trial is initiated by a nose poke into the odor port detected by the breaking of an infrared (IR) beam. After
a 1 s waiting period in the odor port, a S+ or S odorant is presented to the animal. After the sampling of the odor, the animal retracts his head, as detected by the
reestablishment of the IR beam, and either obtains a water reward for S+ or refrained from licking for S odor.
(B–D) Example of time-frequency spectrograms of LFP signals for one S+ trial before (‘‘baseline,’’ B) and 20 min after PTX (0.5 mM, C) or MK801 (1 mM, D)
intrabulbar injection. Bursts of b oscillations (32 Hz, dashed circle) appear at the end of the odor sampling time (red line).
(E) Summary histograms showing the changes in mean g frequency (top), in g power (normalized to the total spectral power) during odor sampling (middle) and in
g power ratio (bottom, power during odor sampling time relative to the power in the preodor waiting period), in the 40 trials (‘‘baseline,’’ white) preceding the
injection (mean of 40 trials) and in the 160 trials following the injection of PTX (0.5 mM, red, n = 8 mice) or MK801 (1 mM, green, n = 8 mice). *p < 0.05, **p < 0.01,
and ***p < 0.001 with a paired t test, n = 8.
(F) Same as in (E) for oscillations ranging from 20 to 40 Hz (b rhythms). Data are represented as mean ± SEM.
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Gamma Synchrony and Odor Discriminationpresentation compared to preodor time was also reduced by the
PTX treatment (Figure 3E). However, MK801 dramatically
reduced g power during odor presentation without changing g
frequency (Figures 3D and 3E), as observed with spontaneous
oscillations.
In contrast to g oscillations, the power of odor-induced b oscil-
lationswas strongly reducedbyPTX (66.1%±8.2%; Figure 3F),
while the mean b frequency was slightly increased (Figure 3F).
On the other hand, injection of MK801 had no effect on b oscilla-
tions (Figure 3F). Thus, PTX and MK801 treatment induced
similar effects on both spontaneous and odor-evoked g oscilla-
tions but had opposite effects on b and g oscillations.
TheTemporal Relationship betweenMCFiring andLFP g
Oscillations
We next evaluate the impact of increasing low-g oscillations on
single MC spiking activity in awake head-fixed mice (Figure 4A).
The head-fixed condition allowed us to track the same MC
before and after pharmacological treatment (Figure 4B). MCs
displayed a relatively high spontaneous firing rate of 20.7 ±
2.1 Hz (n = 25 cells), as previously reported (Rinberg et al.,
2006). Surprisingly, although 0.5 mM PTX treatment increased
low-g oscillations, it did not affect the spontaneous MC firingNerate (+0.5 ± 0.9 Hz changes in mean firing rate, p = 0.34, paired
t test, n = 25 cells; Figures 4C and 4D). Injection of a stronger
dose of PTX (2 mM) led to a dramatic increase in MC firing activ-
ity with the emergence of cycles of epileptic bursting, precluding
any further analysis at this concentration (Figure S3A). Similar to
low doses of PTX, increasing g oscillation after boosting recur-
rent excitation with TBOA did not affect MC firing rate (+2.1 ±
1.6 Hz, p = 0.23 with paired t test, n = 8; Figure S3C). We next
examined how pharmacologically increasing low-g oscillations
impacts the temporal properties of MC firing. MC autorhythmic-
ity, as measured by the time of the first peak of the autocorrelo-
gram, increased after drug injection (baseline, 15.5 ± 1.0 ms;
PTX, 18.4 ± 0.7 ms, p = 0.004, paired t test, n = 25; Figure 4E).
A similar trend was observed on the interspike interval (ISI) distri-
bution (Figure S3B). Remarkably, the shift in MC autorhythmicity
matched the pharmacologically induced shift in the frequency of
g oscillations (mean g oscillation period: baseline, 15.9 ± 0.4 ms
and PTX, 18.4 ± 0.3 ms). This change in rhythmicity was associ-
ated with a slight increase in the autocorrelogram amplitude
(amplitude of the first peak normalized to the mean firing rate
in baseline: 1.73 ± 0.05 and PTX: 2.03 ± 0.11; p = 0.017 with a
paired t test, n = 25). Next, we examined the phase relationship
between MC spiking and oscillations recorded with the sameuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Inc. 1015
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Figure 4. MC Firing Properties during Pharmacologically Induced Low g Oscillations in the Awake Head-Fixed Mouse
(A) Schematic drawing of the awake head-fixed recording configuration.
(B) Confirmation of singleMC recording before and after PTX intrabulbar injection. Note the similar spike waveform and amplitude (n = 500 spikes, top) and single-
unit autocorrelogram showing a clear refractory period (bottom).
(C) Example of simultaneous single-unit (300–8,000 Hz bandwidth) and LFP (1–100 Hz bandwidth) recordings, with the associated LFP-filtered signals.
(D) Summary plot of the mean spontaneous firing rate for each MC (n = 25 cells) before and after PTX injection. Inset: population average of the mean firing rate
after PTX injection.
(E) Changes in MC autorhythmicity, as measured with the peak time of the autocorrelogram. **p < 0.01 with paired t test, n = 25.
(F) Phase modulation of MC spiking before and after drug injection. Left: example circular g phase histogram of a MC single unit showing the preferred phase of
spiking relative to the g oscillation cycle in the baseline (black) and after PTX injection (red). Right: summary plot of the phase preference (bottom) and the
modulation strength (top) relative to g, low g, high g, and theta oscillations. **p < 0.01 with paired t test, n = 25. Angle value from 0 to 180 corresponds to the
descending phase of the g cycle. For theta, 0 corresponds to the transition between inhalation and exhalation. Data are represented as mean ± SEM. See also
Figure S3.
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Gamma Synchrony and Odor Discriminationelectrode. Under baseline conditions, all recorded MCs (n = 25/
25) were significantly modulated by the g oscillations (Rayleigh
test, p < 107; Figure 4F). Spikes occurred preferentially in the
descending phase of the g cycle (145.8 ± 5.6). This phase
preference also extended to low-g and high-g oscillations.
Increasing low-g oscillations did not impact the MC population
phase preference (+3.9 ± 5.8, p = 0.172 with a Hotelling paired
test, n = 25) but significantly increased the modulation strength
(+48.2% ± 15.4%; Figure 4F). This was specific to the low-g
band since the high-g regimes showed no change in modulation1016 Neuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Incstrength (Figure 4F). These effects were also observed after
TBOA injection (Figure S3D). In addition to these modifications,
MC spontaneous firing was slightly more irregular after drug in-
jection, as measured by a modest increase in the ISI coefficient
of variation (+4.7% ± 1.7%, p = 0.012 with a paired t test; Fig-
ure S3B). Although most cells were slightly modulated by the
theta rhythm (24/25 cells, Rayleigh test, p < 0.005), the preferred
theta phase of the MC population was widely distributed across
the theta cycle (p > 0.1, Rayleigh test, n = 25). Nevertheless, drug
treatment significantly increased the modulation strength of.
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Figure 5. Enhanced Low g Oscillations Are Associated with Long-Range Oscillation Coherency and Distant MC Synchronization
(A) Schematic drawing of the paired recording configuration.
(B) Average LFP1-LFP2 coherence between distant sites (n = 25) before (black square) and after PTX injection (red square) for g, low g, and high g bands. *p < 0.05
and ***p < 0.001 with paired t test.
(Ci) Example of spike-triggered distant LFP average (i.e., the average g-filtered LFP waveform centered with a spike detected at a second remote site) in the
baseline and after PTX injection.
(Cii) Spike-field coherence (corresponding to the STA spectral power normalized for spike rate and spectral power of the LFP) of MC firing (n = 25) relative to the
distant LFP before (black squares) and after (red squares) PTX injection.
(Di) Example cross-correlograms between a pair of MCs before (top, black) and after (bottom, red) PTX injection, showing the switch from a flat to an oscillatory
cross-correlogram with a prominent central peak at 0 ms.
(Dii) Average cross-correlogram power spectra before (black) and after (red) PTX injection. *p < 0.05 with paired t test, n = 9 pairs.
(Diii) Correlation index (corresponding to the normalized amplitude of the cross-correlogram peak amplitude) as a function of cross-correlogram time bins (log
scale). **p < 0.01 with paired t test, n = 9 pairs. Data are represented as mean ± SEM. See also Figure S4.
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ence (Figure 4F).
Long-Range Synchronization of MCs in the Low-g Band
To characterize the spatial extent of g oscillations, we measured
the coherence of oscillations and MC spikes recorded from two
sites spaced 400–500 mm apart (Figure 5A). In baseline condi-
tions, spectral coherence from simultaneously recorded sites
was higher for the low-g band compared to high g (Figure 5B).
The pharmacologically increased low g (either with low doses
of PTX or with TBOA) enhanced this difference by increasing
coherence in low g but not in high g (Figure 5B; Figure S4). We
also computed the spike-triggered average of distant g oscilla-
tions and spike-field coherence, which estimates the coherence
between unit firing and the distant LFP independently of changes
in oscillation power or spike rate (Fries et al., 2001; Figure 5C).NeAgain, baseline spike-field coherence was higher in low g
compared to high g and drug injection increased coherence spe-
cifically in the low-g range after PTX or TBOA treatments
(Figure 5C; Figure S4). This selective effect on low g was also
observed on the phase preference of MC spiking activity relative
to the distant g cycle (Figures S4A and S4B). In contrast to the
weak distant g phase preference in the baseline condition (n =
16/25 cells for PTX and n = 6/8 for TBOA with Rayleigh test,
p < 0.005), the pharmacologically enhanced low g was associ-
ated with a dramatic enhancement of the strength of distant g
phase modulation in the low-g range (+494.1% ± 93.0% with
PTX and +158.1% ± 45.8% with TBOA compared to baseline)
but not in the high-g range (Figure S4).
We next measured spike synchronization between pairs of
distant MCs. Under baseline conditions, pairs of MCs displayed
a nearly flat cross-correlation histogram (Figure 5Di), indicating auron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Inc. 1017
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Gamma Synchrony and Odor Discriminationlack of temporal relationship between MCs and confirming that
recorded pairs of MCs do not belong to the same glomerulus
(Schoppa and Westbrook, 2001). When low-g oscillations
increased, the cross-correlograms of MC pairs displayed a
peak centered on zero (lag: 0.2 ± 0.3 ms, n = 9 pairs), two side
peaks (mean period, 19.6 ± 0.3 ms, n = 9), and a strong oscilla-
tory pattern specifically in the low-g regime (Figure 5Dii). A signif-
icant increase in the correlation index confirmed that increased
low g was associated with the emergence of synchrony in the
low-g band from distant and previously unsynchronized MC
pairs (Figure 5Diii).
Optogenetic Drive of MCs Generates g Oscillations
To test whether coherent MC activity is sufficient to drive g oscil-
lations, we selectively manipulated MC firing activity by targeted
optogenetic stimulation in transgenic mice expressing ChR2 in
the MC population (Thy1:ChR2-YFP mice, line18; Figures 6A
and 6B). Targeting the dorsal surface of the OB, we first exam-
ined the reliability of light-induced firing activity in response to
light-train stimuli (5 ms light pulse duration) with increasing fre-
quency. Light pulses reliably triggered action potentials with ste-
reotyped spike latencies (Figure 6C). Firing activity followed light
pulses from 25 to 90 Hz, with a slight decrease in fidelity at higher
frequencies (22.6% ± 9.4% between 25 and 90 Hz stimulation,
p = 0.015 with a paired t test, n = 9; Figure 6C). Driving MCs at g
frequencies caused an5- to 10-fold increase of LFP oscillatory
activity in the stimulation frequency band without affecting activ-
ity in other frequency bands (Figure 6D). These light-driven oscil-
lations were absent inWTmice (data not shown). By driving MCs
at different frequencies (from 25 to 90 Hz), the resulting LFP
power exhibited a maximal response at a preferred resonant
frequency in the g range (maximum at66 Hz, Figure 6E), corre-
sponding to the dominant frequency of spontaneous g oscilla-
tions (Figure 6D). PTX injection (0.5 mM) significantly decreased
this resonant frequency of oscillations (maximum at50 Hz, Fig-
ure 6E). This shift in resonant frequency was also observed after
TBOA injection (Figure S5A). In contrast, an NMDAR antagonist
caused a global reduction of light-evoked g oscillation without
changing the resonant frequency (Figure S5B), consistent with
the observed effect on spontaneous g. Changes in evoked LFP
frequency did not result simply from increased MC firing rate.
Indeed, strongly increasing MC firing activity with continuous
light stimulation (Figure 6C) failed to enhance g power in both
baseline and PTX conditions (baseline: +10.6% ± 7.8%, p =
0.455 and PTX: +10.2% ± 6.3%, p = 0.233, with a paired
t test; n = 33) and has negligible effects on g frequency
(baseline: +0.77 ± 0.31 Hz and PTX: 0.70 ± 0.26 Hz; n = 33).
To investigate the features of dendrodendritic inhibition, we
assessed the light-evoked inhibition of MC firing activity trig-
gered by their synchronous activation. A 5 ms light-pulse trig-
gered synchronous spiking followed by a transient inhibition of
firing that resumed within 10 ms (Figure 6F). This protocol eli-
cited disynaptic inhibition as indicated by the delayed onset of
the inhibition (8.8 ± 0.3 ms, n = 13) and confirmed by its partial
blockade using MK801 (Figure S5C). Strikingly, reducing inhibi-
tory tone did not modify the amplitude of the light-evoked inhibi-
tion (baseline: 60.6% ± 6.5% decrease in the firing rate and
PTX: 72.1% ± 4.3%; p = 0.148, with a paired t test, n = 13)1018 Neuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Incbut significantly increased the time to peak (baseline: 2.8 ±
0.4 ms and PTX: 4.0 ± 0.4 ms; p = 0.041) and the decay kinetics
of MC firing inhibition (baseline: 6.3 ± 0.6 ms and PTX: 9.1 ±
0.9 ms; p = 0.023; Figure 6F). Upon PTX application, neither the
magnitude of light-evoked firing (baseline: +262.1% ± 24.9% in-
crease in firing and PTX 0.5 mM: +222.6% ± 24.6%, p = 0.222;
Figure 6F) nor the mean spontaneous MC firing rate (baseline:
17.4 ± 1.5 Hz and PTX 0.5 mM: 18.5 ± 1.4 Hz; p = 0.33) signifi-
cantly changed, as already reported in Figure 4C. By recording
MCs distant to the stimulation zone, we were also able to record
light-evoked lateral inhibition of MC firing (Figure 6G). Here, the
lateral inhibition was identified as a light-evoked inhibition of
MC firing when light stimuli did not directly increase firing
(Figure 6H). In these cells, PTX treatment did not modify
the maximum amplitude of light-evoked inhibition (baseline:
69.8% ± 5.8% decrease in firing and PTX: 74.3% ± 6.6%,
p = 0.62 with a paired t test, n = 8), but it increased the time to
peak of the MC firing inhibition (baseline: 2.3 ± 0.5 ms and PTX:
4.0 ± 0.7ms, p = 0.031) and slightly prolonged the firing inhibition
(baseline: 6.6 ±1.0msandPTX: 7.6±1.3ms, p=0.32; Figure 6H).
Finally, we evaluated MC spiking resonance in response to
rhythmic lateral inhibition by analyzing the power of oscillatory
activity in the MC autocorrelogram in response to stimulating
distant MCs (Figure S5D). Driving distant MCs at different fre-
quencies (from 25 Hz up to 90 Hz, n = 8 cells) showed a preferred
stimulation frequency in the g range that maximally entrained
distant MCs (Figure 6I). In the presence of PTX, the preferred
resonant frequency imposed by remote stimuli peaked specif-
ically in the low-g band (Figure 6I), suggesting that inhibitory
properties tune the resonant properties of MC spiking activity
in response to rhythmic inhibitory inputs. In conclusion, low
doses of PTX did not affect the amplitude of recurrent and lateral
inhibition but enhanced the resonant properties of MCs specif-
ically in the low-g range.
ReducingGABAAR Inhibition Alters Fast Oscillations and
Impairs Odor Discrimination
Our data demonstrate that low doses of PTX selectively enhance
g synchronization of OB output neurons without otherwise
altering their firing rate. We sought to investigate how such low
doses of PTX affect odor discrimination and learning. We trained
animals on an odor discrimination task based on a Go/NoGo
operant conditioning paradigm (see Figure 3A). One day after
reaching the performance criterion (85% of correct responses)
with the carvone enantiomers [1% (+)-carvone versus 1%
()-carvone], the same task was preceded by bilateral acute
OB injections of low doses of PTX (0.5 mM) or saline. This treat-
ment had no effect on discrimination performance of the pure
carvone enantiomers (Figures 7A and 7B). In contrast, PTX-
treated mice displayed a significant increase in the odor sam-
pling time (+225 ms [+31.4%] compared to control; Figure 7B).
To evaluate the PTX effect on olfactory discrimination threshold,
we then presented mice with progressively similar stimuli con-
sisting of binarymixtures of the carvone enantiomers.While con-
trol mice succeeded in discriminating the 75/25 and the 68/32
mixtures, PTX-treated mice failed to reach the performance
criterion (Figure 7B). When exposed again to the pure carvone
enantiomers (‘‘100/0’’), both groups of injected mice showed.
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Figure 6. Selective Optogenetic Activation of MCs Generates g Oscillations and Reveals g Circuit Resonance
(A) Confocal images of a coronal section of the OB from a Thy1:ChR2-YFPmouse. Top: selective YFP expression in MC lateral dendrites located in the inner part
of the external plexiform layer (EPL) and in the apical dendrites located in the glomerular layer (GL). Scale, 100 mm. Bottom: higher magnification of the MC layer
(MCL) showing typical large YFP-positive MC soma. Scale, 25 mm.
(B) Schematic configuration for the recording of light-evoked activity of dorsal ChR2-YFP expressing MCs (green) in the awake head-fixed mouse.
(C) Light-induced ChR2 activation generates temporally precise spiking activity in the awake mouse. Top: raster plot of a MC spiking activity in response to 1 s
light train stimulation (from 25 to 90 Hz, 5 ms light pulse duration, 20 sweeps) and to a 1 s step of continuous light (‘‘CL,’’ 20 sweeps). Bottom left: rapid and
consistent firing of MC in response to brief light pulses (500 sweeps). Bottom right: reliability of light-evoked spiking activity across a wide range of g frequencies
(n = 9 cells).
(D) Left: example of g-filtered LFP traces before and during a 1 s train stimulation at 66 Hz before (baseline) and 20 min after PTX injection. Right: example power
spectra during light stimulation (dashed blue line) and 1 s before stimulation (colored line) for baseline (top, black) and during PTX (bottom, red) treatment.
(E) Mean g power in the frequency band of stimulation (left: solid line, power during light stimulation; dashed thin line, power during the 1 s preceding stimulation)
and relative power (right: normalized to the power in the other frequency band) as a function of the light stimulation frequency in baseline and PTX conditions. *p <
0.05 and ***p < 0.001 with a paired t test, n = 25.
(F) Population peristimulus time plot (normalized to the 15 ms prepulse period) showing light-evoked activation of MC firing during a 5 ms light pulse (delivered
at T0) followed by synchronous light-evoked inhibition of MC firing before (black line) and after (red line) PTX injection. *p < 0.05 with a paired t test between
baseline and PTX, n = 13.
(G) Schematic configuration for the recordings of dorsal MC firing activity coupled to distant light stimulation.
(H) Population peristimulus time plot (normalized to the 15ms prepulse period) showing the absence of direct light-induced responses ofMC firing during the 5ms
light pulse (starting at T0) before (black line) and after (red line) PTX injection. *p < 0.05 with a paired t test, n = 8.
(I) Autorhythmicity of the MCs in (H) in response to light-evoked lateral inhibitory inputs at various frequencies before (black line) and after (red line) PTX injection
(n = 8, *p < 0.05, ***p < 0.001 with paired t test). The normalized power of the autocorrelogram was measured in each frequency band corresponding to the
stimulation frequency (see also Figure S5). Data are represented as mean ± SEM.
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Figure 7. Low Doses of GABAAR Antagonist Impair Odor Discrimination
(A) Mean percentage of correct responses in each block of 20 trials (200 trials per session), for the carvone enantiomers (orange; S+, 1% (+)-carvone; S-, 1%
()-carvone) and the limonene enantiomers (green, S+, 1% (+)-limonene; S, 1% ()-limonene). For each odor pair, animals were first exposed to pure odors
(‘‘100/0’’) and then to progressively morphed binary mixtures for which mice had to recognize the dominant component (for instance, « 75/25 »: S+, 75%
(+)-carvone + 25% ()-carvone; S, 75% ()-carvone + 25% (+)-carvone). A score of 50% corresponds to the success rate at chance level. # p < 0.05 with
repeated-measures ANOVA.
(B) Mean final performance (last three blocks) in accuracy (percentage of correct responses, top) and odor sampling time (middle) for the carvone (red/yellow) and
limonene (blue/green) enantiomers and associated mixtures. # p < 0.05, ## p < 0.01 with unpaired t test. Bottom: cumulative probability of odor sampling time for
pure odor pairs, pooled from the different animals. Kolmogorov-Smirnoff (KS) test, p < 0.05.
(C) Odor investigation time in a habituation-dishabituation task. After presentation of a paper filter (‘‘base’’), mice were habituated to an odor (octanal 1%) for four
consecutive presentations (1 min of presentation). On the fifth presentation, a mixture of octanal and heptanal was presented. On the sixth presentation, pure
heptanal (1%) was presented. ## p < 0.01 unpaired t test. **p < 0.01, paired t test.
(D) Mean odor-sampling time (last three blocks of a ten block session) during discrimination of a pure carvone pair before (white bars) and after injection of
different doses of PTX (from pink to red) or vehicle (saline). *p < 0.05, **p < 0.01 with paired t test. All the four groups of mice reached similarly high discrimination
performance (saline, 97.1%± 2.1%; PTX 31 mM, 97.5%± 1.1%; 125 mM, 97.5%±1.3%; 0.5mM, 92.5%± 4.8%, p > 0.25with a paired t test compared to baseline
performance, p > 0.3 with unpaired t test). Data are represented as mean ± SEM.
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Gamma Synchrony and Odor Discriminationsimilar discrimination performance, but PTX-treated mice again
displayed a longer odor sampling time (+205 ms [+36.6%]
compared to control; Figure 7B). Subsequently, a new pair of
monomolecular odorants [1% (+)-limonene versus 1% ()-limo-
nene] was tested to examine whether the drug treatment inter-1020 Neuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Incfered with the acquisition of a novel odor-reward association.
All PTX-treated animals learned to discriminate between the
limonene enantiomer as well as controls. In contrast, PTX-
injected animals again displayed a longer odor sampling time
(+168 ms [+32.7%] compared to control; Figure 7B). When.
Neuron
Gamma Synchrony and Odor Discriminationexposed to binary mixtures of the limonene enantiomers, PTX-
treated mice failed to discriminate the 75/25 mixture (Figure 7B).
The duration between the time the animal left the odor port and
the time it reached the water port (i.e., movement time) was
similar between control and PTX-treated animals (control:
331 ± 14 ms; PTX: 367 ± 19 ms, p = 0.17 with an unpaired
t test), ruling out any side effect of the drug on motor execution
and coordination.
To verify that the odor discrimination impairment was not
dependent on the nature of the task, we also evaluated odor
discrimination performances using an olfactory habituation-dis-
habituation test, which is based on the spontaneous investiga-
tion of odor sources without any reward. In this task, repeated
presentations of the same odorant (octanal) are followed by
the presentation of a close odor mixture (octanal + heptanal)
that induces an increase in the sniffing time when the odor is
recognized as a new odor. We confirmed that PTX-treated ani-
mals failed to discriminate the odor mixture but succeeded
with a pure monomolecular odorant (heptanal; Figure 7C).
Finally, we evaluated how increasing doses of PTX, known to
enhance the amplitude of g power in a dose-dependent manner,
could affect behavior. Four distinct groups of animals were
trained to discriminate between pure carvone enantiomers. After
reaching the performance criterion, the same task was preceded
by bilateral acute bulbar injections of different doses of PTX
(31 mM, 125 mM, and 0.5 mM) or vehicle. The four groups of
mice reached similar high discrimination performance, but the
odor sampling time increased after PTX injection in a dose-
dependent manner (Figure 7D). Therefore, impairment in odor
discrimination time correlates with the level of GABAAR blocking.
We conclude that reducing GABAAR inhibition alters fast oscilla-
tions and impairs both odor discrimination threshold and odor
discrimination time.
DISCUSSION
Using a combination of in vivo awake electrophysiological
recordings with pharmacological, genetic, and optogenetic
manipulation, we dissected the OB circuitry that generates g
oscillations and mediates the long-range synchronization of
MC spiking. We first found that g oscillations rely on the dendro-
dendritic inhibition received by MCs and not other synaptic
interactions such as gap-junction coupling or interneuron-inter-
neuron connections. We further confirmed that MCs are a critical
cellular element to generate g rhythms using a loss-of-function
approach (i.e., the g oscillatory activity was abolished after MC
loss) and a gain-of-function approach (i.e., optogenetic activa-
tion of MCs selectively amplified g oscillation). We then showed
that increasing the excitation/inhibition balance of MCs—by
pharmacologically weakening GABAAR inhibition or increasing
the recurrent excitatory drive onto MCs—boosts oscillatory
power in the low-g subband. Our observations related to spon-
taneous g also held true for odor-evoked oscillations recorded
during a discrimination task. Paired single-unit recordings re-
vealed that long-range synchronization of MCs operate selec-
tively in the low-g range, while high-g rhythms represent local
dendrodendritic interactions. Moreover, in response to a phar-
macological increase in the excitation/inhibition balance ontoNeMCs, long-range g synchronization is enhanced to preserve
the mean firing activity of MCs and the amplitude of recurrent
and lateral inhibition that they receive. Such excitation/inhibition
manipulation impairs odor mixture discrimination and slows the
time required to discriminate between related odors.
Deciphering the OB Circuitry Necessary for g
Oscillations
In brain circuits, g rhythms rely on different modes of network in-
teractions (reviewed in Wang, 2010; Whittington et al., 2011;
Buzsa´ki and Wang, 2012). Following the excitatory-inhibitory
network model (E-I model), reciprocally connected networks of
excitatory and inhibitory cells interact so that excitatory neurons
drive inhibitory neurons, which in turn gate and synchronize
excitatory neurons (Brunel and Wang, 2003; Wang, 2010).
Experimental and computational studies of OB g rhythms have
generally supported this model (Bathellier et al., 2006; Lagier
et al., 2007). Here, in the awake mouse, we show the crucial
role of the reciprocal coupling between MCs and GCs in gener-
ating and tuning the frequency of g oscillations. The decrease in
g frequency after PTX was associated with a lengthening of the
apparent kinetics of MC spiking inhibition, with light-evoked
recurrent and lateral inhibition occurring 1–2 ms later and
decaying slower. These kinetic properties increased the time
for MC spiking to recover from evoked inhibition and may pro-
long each g cycle of synaptic inhibition, resulting in the observed
decrease in g frequency. Our study also highlights the impor-
tance of the MC population in generating g rhythms and reveals
a band-pass effect characteristic of a resonance property. In
addition, this OB circuit g resonance is tuned by the excitatory/
inhibitory synaptic properties of the dendrodendritic circuit.
Interestingly, this contrasts with results obtained in the cortex
where optogenetic driving of fast-spiking basket interneurons,
but not excitatory pyramidal cells, amplifies g oscillations (Cardin
et al., 2009). According to a second model, the synaptic interac-
tions within a network of inhibitory interneurons (I-I model) repre-
sents a mechanism by which g rhythms can be generated
(Whittington et al., 2011; Wang, 2010). Using a selective knockin
strategy, we show in the awake mouse that g oscillations rely
exclusively on the dendrodendritic inhibition received by MCs
and not from the synaptic inhibition received by GCs. A third
model for network synchronization includes excitatory coupling
between principal neurons, but several elements clearly discard
this possibility in the OB. First, the pharmacological blocking of
gap junction does not affect g oscillations. Second, though there
is no anatomical support of excitatory synaptic contact between
distant nonsister MCs (Schoppa and Westbrook, 2001), gluta-
mate spillover between MC lateral dendrites has been reported
(Isaacson, 1999). However, the time constant of glutamate spill-
over (rise time of 50–100 ms) is not compatible with g fre-
quency oscillations. A last model of oscillatory generation
involves external rhythmic drive onto the OB. One potential
external oscillator is supported by top-down excitatory inputs
from olfactory cortex, which strongly innervate OB interneurons
(Boyd et al., 2012; Markopoulos et al., 2012). The piriform cortex
generates intrinsic oscillations in the b range (Poo and Isaacson,
2009) and transmits them to the OB in a precise context such
as odor-reward association (Martin et al., 2006). By recordinguron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Inc. 1021
AB
Figure 8. Excitation/Inhibition Balance and Long-Range g
Synchronization in the OB Network
(A) In basal conditions with unperturbed excitation/inhibition balance,
MCs integrate sensory excitatory inputs, which induce action potential
propagation in their lateral dendrites (black dashed arrow) and gluta-
mate release onto GCs (blue arrow). In turn, GCs inhibit MCs though
GABA dendritic release (red arrow) and gate further spike propagation
in MC lateral dendrites. This dendrodendritic interaction induces a
basal level of g synchronization of spiking in MC assemblies, which
generate g oscillations in the LFP and lead to the correct discrimination
of related odors.
(B) After experimentally reducing dendrodendritic inhibition, or
increasing recurrent excitation (circular arrow), the excitation/inhibi-
tion ratio in MC lateral dendrites increases. Action potential propa-
gation is enhanced and triggers glutamate release onto more GCs.
This in turn leads to a GABA release onto MCs that is able to coun-
terbalance the excitability in lateral dendrites and preserves the basal
mean firing activity of MCs. In addition, the recruitment of new GCs
enhances g synchronization of distant MCs and increases g power.
Ultimately, manipulation of the excitation/inhibition balance, leading to
g oversynchrony, also impairs odor discrimination.
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Gamma Synchrony and Odor Discriminationodor-driven b oscillations, we demonstrated that b and g oscilla-
tions have opposite pharmacological profiles: b oscillations
decrease after reducing the GABAergic tone but remain unaf-
fected by the blockade of NMDAR, suggesting that b rhythms
rely on NMDAR-independent inhibition. Since the dendroden-
dritic inhibition is dependent on NMDAR (Isaacson and Strow-
bridge, 1998; Chen et al., 2000), we suggest that b oscillations
rely on spike-dependent GABA release from GC spines. This
GABA release would be triggered by synchronous feedforward
activation of GCs from top-down glutamatergic fibers. The fact
that blocking the transmission between the piriform cortex and
the OB disrupts b oscillations (Martin et al., 2006) supports this
hypothesis. Thus, we suggest that the different forms of
inhibition provided by GCs, namely recurrent/lateral dendroden-
dritic inhibition and feedforward inhibition, may be involved in
distinct oscillatory regimes (i.e., the high-/low-g and b oscilla-
tions, respectively).
Low- and High-g Oscillations Represent Distinct Modes
of Network Interaction
The fact that MCs fire at the same preferred phase for low and
high g and thatMC loss affects both oscillations suggests collec-
tively that low and high g rely on common cellular mechanisms.
However, low- and high-g oscillations also display unique prop-
erties: (1) low and high g appear at distinct phases of the breath-
ing theta cycle; (2) they exhibit differential responses to changes
in the excitatory-inhibitory balance of MCs; (3) low-g oscillations
display higher coherence than high g; and (4) cross-correlation
analysis shows that pairs of distant MCs synchronize specifically
in the low-g band. The intersite distance of our paired recordings
is larger than the diameter of the region sampled by LFP using
high-impedance electrodes (100–200 mm; Linde´n et al., 2011)
and grants the recordings of MCs that do not belong to the
same glomerulus. Synchronization between remote MCs specif-
ically in the low-g band confirmed that low-g regimes reflect
an integrative function of long-range synchronization between1022 Neuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Incdistant glomeruli. In contrast, high g is spatially more restricted
and may represent a local network activity. These observations
are consistent with a theoretical framework in which the fre-
quency of fast oscillations decreases as the spatial scale of pro-
cessing increases (Kopell et al., 2000).
Altering the excitation/inhibition balance did not cause any
changes in the amplitude of inhibition received by the MCs and
in their mean firing rate but rather induced a increase in long-
range synchronization of MCs. The OB circuit is therefore able
to dynamically compensate an excitation/inhibition imbalance
on MCs by inducing long-range synchronization of distant previ-
ously unsynchronizedMCs. Given the anatomy of the OB circuit,
this emerging synchronization may only occur through shared
inhibitory contacts that were previously latent. This suggests
the dynamic recruitment of new inhibitory connections, which
would ultimately normalize inhibition with excitation and pre-
serve the mean firing rate of MCs. To achieve this compensatory
mechanism, MC lateral dendrites provide the anatomical sub-
strate both for recruiting dendrodendritic inhibition and for a
coherent activation of the GC population over long distances.
The propagation of action potentials in lateral dendrites is under
a tight control from inhibitionmediated by GCs and possibly also
from MC glutamatergic autoreceptors (Margrie et al., 2001;
Xiong and Chen, 2002; Lowe, 2002). We propose that in the
awake OB, the excitation/inhibition balance received by MC
lateral dendrites dynamically gates the extent of dendritic gluta-
mate release and thus the number of recurrent inhibitory inputs
(Figure 8). This spatial ‘‘homeostatic’’ process would be well
suited to transform strong sensory inputs into temporally precise
spiking across MC assemblies and might account for the
observed rate-invariant coding in the awake animal (Rinberg
et al., 2006; Gschwend et al., 2012).
Within each respiratory theta cycle, the succession of high and
low g suggests that these two rhythms sequentially modulate
MC firing. Interestingly, each MC has a preferred theta phase
that can change according to the odor presented (Fukunaga.
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Gamma Synchrony and Odor Discriminationet al., 2012; Gschwend et al., 2012). Thus, it is tempting to spec-
ulate that each g oscillation could represent one information
stream based on the timing relative to theta, on the frequency,
and on the spatial scale of synchronization. Because of the
importance of coincidence detection and temporal filtering in
the olfactory cortex (Luna and Schoppa, 2008), switching
between different modes of g oscillations in the OB may consti-
tute an effective way to route coherent activity and to multiplex
information streams (Akam and Kullmann, 2010).
g Synchronization and Sensory Processing
Using pharmacological manipulation of GABAAR inhibition that
enhanced g synchronization of OB output neurons, we also re-
vealed the functional contribution of the circuit generating g
oscillation in odor discrimination threshold and discrimination
time. The major effect of such pharmacological manipulation
was a robust increase in g synchronization associated with a
reduction in odor-evoked b oscillation, while the firing rate of
MCs and the inhibition that they receive remained unaffected.
Although we did not examine to what extent the sensory input
early processing and the precise odor information coding by
MC assemblies are modified, we speculate that an overall alter-
ation in fast oscillatory activity associated with an increase in g
synchronization impairs the separation of overlapping sensory
information (Figure 8). Together with previous studies in the
locust olfactory system showing that reduced synchronization
impairs odor discrimination (Stopfer et al., 1997), our results sug-
gest that there is an optimal level of neural synchronization for the
processing of overlapping sensory representations. Sensory in-
formation contained in the temporal dimension of the represen-
tation may be altered by resting states of synchronization and
yield to a slower integration time in downstream structures. In
this context, abnormal oversynchronization of neural assemblies
observed in brain disorders such as schizophrenia during resting
state may disrupt the neural integration of related stimuli and
account for the lengthening of reaction time described in schizo-
phrenic patients (Reinhart et al., 2011; Tikka et al., 2012). Our
work illustrates to what extent impairments in local inhibitory cir-
cuits, and therefore in the excitation/inhibition balance, may
represent a key process leading to g oversynchronization and
abnormal electroencephalogram signals responsible for psycho-
physical altered responses seen in some brain disorders.
EXPERIMENTAL PROCEDURES
In Vivo Recordings
Single-unit activity was recorded using a 3 MU tungsten electrode array (FHC)
glued to aminiature cannula (polyimide tubing, 0.0035’’). For behaving animals,
mice were chronically implanted with a bipolar electrode (coated-platinium
wires, 0.2–0.5 MOhm, A-M Systems) closely linked to a steel guide cannula
and stabilized with dental cement. An additional stimulation bipolar electrode
was positioned in the LOT for antidromic stimulation (1–2 mA; ISI, 30 ms).
Breathing was monitored with a thermocouple (5TC-TT-JI-40-1M, Omega)
and the reference electrode was positioned on the occipital crest. Local field
potentials and spiking activity were amplified (31,000–10,000), filtered (1–
300 Hz for LFP, 0.3–8 kHz for spikes), and digitized (Micro1401-3, CED). Drugs
were injected via a 10 ml Hamilton syringe (0.1 ml/min). Head-fixed Thy1:ChR2-
YFP mice were stimulated using an LED-coupled optic fiber (220 mm; NA 0.5;
470 nm; Doric Lenses) positioned on the surface of the dura, with output light
intensity set to 2–5mW/mm2.SeealsoSupplemental ExperimentalProcedures.NeSignal Analysis
Short-time Fourier transform (Hanning window, 2.44 Hz resolution) was used
to measure the absolute spectral power and the mean frequency of g (40–
100 Hz), b (15–40 Hz) and theta (1–10 Hz) bands. MC spiking was character-
ized from 500 s signal epoch before and after drug injection. Phase histogram
was computed to measure the phase preference and the length of the normal-
ized vector as a measure of the modulation strength and was tested with
Rayleigh’s uniformity test (significance p < 0.005) and Hotelling paired test
(significance p < 0.05). Coherence estimates were calculated as the cross-
spectral density of two waveforms (2.44 Hz) normalized by the individual auto-
spectra. Spike-field coherence was computed using the power spectrum of
the spike-triggered average LFP segments normalized by the average power
spectra. fEPSP peak amplitude and initial slope (30%–80%) were averaged
to extract the paired-pulse ratio (fEPSP2/fEPSP1). See also Supplemental
Experimental Procedures.
Olfactory Behavior
After recovery from bipolar electrode implantation or guide-cannula implanta-
tion, micewere partially water deprived and trained on custom-built computer-
controlled eight-channel air-dilution olfactometers (http://www.olfacto-meter.
com). The percentage of correct responses was determined for each block of
20 trials. All mice underwent a session of ten blocks per day. Once mice
reached 85% of correct responses, daily sessions were preceded by a bilat-
eral injection (0.5 ml at 0.1 ml/min). Habituation-dishabitution test consisted of
a succession of 1min presentations (intertrial interval of 4min) duringwhich the
time the mouse spent sniffing was scored. See also Supplemental Experi-
mental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.neuron.2013.07.025.
ACKNOWLEDGMENTS
We are grateful to Nicolas Brunel and the members of the P.-M.L. laboratory
for critical reading of the manuscript, David Dı´az and Eduardo Weruaga for
providing us with the PCD mice, Uwe Rudolph and Jean-Marc Fritschy for
a1(H101R) and a2(H101R) mice, and the Jacques Epelbaum laboratory,
Aure´lie Mouret, and Isabelle Bourdet for their initial support and help. Authors
acknowledge financial support from the life insurance company Arpe`ge, the
Agence Nationale de la Recherche ‘‘ANR-BLAN-SVSE4-LS-110624’’, and
‘‘ANR-09-NEUR-004’’ in the frame of ‘‘ERA-NET NEURON’’ of FP7 program
by the European Commission. The P.-M.L. laboratory is part of the E´cole
des Neurosciences de Paris network and member of the Laboratoire
d’Excellence Bio-Psy (Investissement d’Avenir, ANR-10-LABX-73).
Accepted: July 3, 2013
Published: October 17, 2013
REFERENCES
Abraham, N.M., Egger, V., Shimshek, D.R., Renden, R., Fukunaga, I.,
Sprengel, R., Seeburg, P.H., Klugmann, M., Margrie, T.W., Schaefer, A.T.,
and Kuner, T. (2010). Synaptic inhibition in the olfactory bulb accelerates
odor discrimination in mice. Neuron 65, 399–411.
Akam, T., and Kullmann, D.M. (2010). Oscillations and filtering networks sup-
port flexible routing of information. Neuron 67, 308–320.
Aroniadou-Anderjaska, V., Ennis, M., and Shipley, M.T. (1999).
Dendrodendritic recurrent excitation in mitral cells of the rat olfactory bulb.
J. Neurophysiol. 82, 489–494.
Bathellier, B., Lagier, S., Faure, P., and Lledo, P.-M. (2006). Circuit properties
generating g oscillations in a network model of the olfactory bulb.
J. Neurophysiol. 95, 2678–2691.uron 80, 1010–1024, November 20, 2013 ª2013 Elsevier Inc. 1023
Neuron
Gamma Synchrony and Odor DiscriminationBoyd, A.M., Sturgill, J.F., Poo, C., and Isaacson, J.S. (2012). Cortical feedback
control of olfactory bulb circuits. Neuron 76, 1161–1174.
Brunel, N., and Wang, X.-J. (2003). What determines the frequency of fast
network oscillations with irregular neural discharges? I. Synaptic dynamics
and excitation-inhibition balance. J. Neurophysiol. 90, 415–430.
Buzsa´ki, G., and Wang, X.-J. (2012). Mechanisms of g oscillations. Annu. Rev.
Neurosci. 35, 203–225.
Cardin, J.A., Carle´n, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K.,
Tsai, L.-H., and Moore, C.I. (2009). Driving fast-spiking cells induces g rhythm
and controls sensory responses. Nature 459, 663–667.
Chen, W.R., Xiong, W., and Shepherd, G.M. (2000). Analysis of relations
between NMDA receptors and GABA release at olfactory bulb reciprocal syn-
apses. Neuron 25, 625–633.
Eyre, M.D., Antal, M., and Nusser, Z. (2008). Distinct deep short-axon cell sub-
types of the main olfactory bulb provide novel intrabulbar and extrabulbar
GABAergic connections. J. Neurosci. 28, 8217–8229.
Eyre, M.D., Renzi, M., Farrant, M., and Nusser, Z. (2012). Setting the time
course of inhibitory synaptic currents by mixing multiple GABA(A) receptor a
subunit isoforms. J. Neurosci. 32, 5853–5867.
Fries, P., Reynolds, J.H., Rorie, A.E., and Desimone, R. (2001). Modulation of
oscillatory neuronal synchronization by selective visual attention. Science 291,
1560–1563.
Fukunaga, I., Berning, M., Kollo, M., Schmaltz, A., and Schaefer, A.T. (2012).
Two distinct channels of olfactory bulb output. Neuron 75, 320–329.
Greer, C.A., and Hala´sz, N. (1987). Plasticity of dendrodendritic microcircuits
following mitral cell loss in the olfactory bulb of the murine mutant Purkinje
cell degeneration. J. Comp. Neurol. 256, 284–298.
Greer, C.A., and Shepherd, G.M. (1982). Mitral cell degeneration and sensory
function in the neurological mutant mouse Purkinje cell degeneration (PCD).
Brain Res. 235, 156–161.
Gschwend, O., Beroud, J., and Carleton, A. (2012). Encoding odorant identity
by spiking packets of rate-invariant neurons in awake mice. PLoS ONE 7,
e30155.
Isaacson, J.S. (1999). Glutamate spillover mediates excitatory transmission in
the rat olfactory bulb. Neuron 23, 377–384.
Isaacson, J.S., and Strowbridge, B.W. (1998). Olfactory reciprocal synapses:
dendritic signaling in the CNS. Neuron 20, 749–761.
Kay, L.M. (2003). Twospeciesofgoscillations in theolfactorybulb:dependence
on behavioral state and synaptic interactions. J. Integr. Neurosci. 2, 31–44.
Kay, L.M., Beshel, J., Brea, J., Martin, C., Rojas-Lı´bano, D., and Kopell, N.
(2009). Olfactory oscillations: the what, how and what for. Trends Neurosci.
32, 207–214.
Kopell, N., Ermentrout, G.B., Whittington, M.A., and Traub, R.D. (2000).
G rhythms and b rhythms have different synchronization properties. Proc.
Natl. Acad. Sci. USA 97, 1867–1872.
Lagier, S., Carleton, A., and Lledo, P.-M. (2004). Interplay between local
GABAergic interneurons and relay neurons generates g oscillations in the rat
olfactory bulb. J. Neurosci. 24, 4382–4392.
Lagier, S., Panzanelli, P., Russo, R.E., Nissant, A., Bathellier, B., Sassoe`-
Pognetto, M., Fritschy, J.-M., and Lledo, P.-M. (2007). GABAergic inhibition
at dendrodendritic synapses tunes g oscillations in the olfactory bulb. Proc.
Natl. Acad. Sci. USA 104, 7259–7264.
Li, A., Zhang, L., Liu, M., Gong, L., Liu, Q., and Xu, F. (2012). Effects of different
anesthetics on oscillations in the rat olfactory bulb. J. Am. Assoc. Lab. Anim.
Sci. 51, 458–463.
Linde´n, H., Tetzlaff, T., Potjans, T.C., Pettersen, K.H., Gru¨n, S., Diesmann, M.,
and Einevoll, G.T. (2011). Modeling the spatial reach of the LFP. Neuron 72,
859–872.
Lo¨w, K., Crestani, F., Keist, R., Benke, D., Bru¨nig, I., Benson, J.A., Fritschy,
J.M., Ru¨licke, T., Bluethmann, H., Mo¨hler, H., and Rudolph, U. (2000).
Molecular and neuronal substrate for the selective attenuation of anxiety.
Science 290, 131–134.1024 Neuron 80, 1010–1024, November 20, 2013 ª2013 Elsevier IncLowe, G. (2002). Inhibition of backpropagating action potentials in mitral cell
secondary dendrites. J. Neurophysiol. 88, 64–85.
Luna, V.M., and Schoppa, N.E. (2008). GABAergic circuits control input-spike
coupling in the piriform cortex. J. Neurosci. 28, 8851–8859.
Margrie, T.W., and Schaefer, A.T. (2003). Theta oscillation coupled spike
latencies yield computational vigour in a mammalian sensory system.
J. Physiol. 546, 363–374.
Margrie, T.W., Sakmann, B., and Urban, N.N. (2001). Action potential propaga-
tion in mitral cell lateral dendrites is decremental and controls recurrent and
lateral inhibition in the mammalian olfactory bulb. Proc. Natl. Acad. Sci. USA
98, 319–324.
Markopoulos, F., Rokni, D., Gire, D.H., and Murthy, V.N. (2012). Functional
properties of cortical feedback projections to the olfactory bulb. Neuron 76,
1175–1188.
Martin, C., Gervais, R., Messaoudi, B., and Ravel, N. (2006). Learning-induced
oscillatory activities correlated to odour recognition: a network activity. Eur. J.
Neurosci. 23, 1801–1810.
Neville, K.R., and Haberly, L.B. (2003). Beta and gamma oscillations in the
olfactory system of the urethane-anesthetized rat. J. Neurophysiol. 90,
3921–3930.
Pallotto, M., Nissant, A., Fritschy, J.-M., Rudolph, U., Sassoe`-Pognetto, M.,
Panzanelli, P., and Lledo, P.-M. (2012). Early formation of GABAergic synapses
governs the development of adult-born neurons in the olfactory bulb.
J. Neurosci. 32, 9103–9115.
Panzanelli, P., Perazzini, A.-Z., Fritschy, J.-M., and Sassoe`-Pognetto, M.
(2005). Heterogeneity of g-aminobutyric acid type A receptors in mitral and
tufted cells of the rat main olfactory bulb. J. Comp. Neurol. 484, 121–131.
Poo, C., and Isaacson, J.S. (2009). Odor representations in olfactory cortex:
‘‘sparse’’ coding, global inhibition, and oscillations. Neuron 62, 850–861.
Reinhart, R.M.G., Mathalon, D.H., Roach, B.J., and Ford, J.M. (2011).
Relationships between pre-stimulus g power and subsequent P300 and reac-
tion time breakdown in schizophrenia. Int. J. Psychophysiol. 79, 16–24.
Rinberg, D., Koulakov, A., and Gelperin, A. (2006). Sparse odor coding in
awake behaving mice. J. Neurosci. 26, 8857–8865.
Rudolph, U., Crestani, F., Benke, D., Bru¨nig, I., Benson, J.A., Fritschy, J.M.,
Martin, J.R., Bluethmann, H., and Mo¨hler, H. (1999). Benzodiazepine actions
mediated by specific gamma-aminobutyric acid(A) receptor subtypes.
Nature 401, 796–800.
Salin, P.A., Lledo, P.M., Vincent, J.D., and Charpak, S. (2001). Dendritic
glutamate autoreceptors modulate signal processing in rat mitral cells.
J. Neurophysiol. 85, 1275–1282.
Schoppa, N.E., andWestbrook, G.L. (2001). Glomerulus-specific synchroniza-
tion of mitral cells in the olfactory bulb. Neuron 31, 639–651.
Stopfer, M., Bhagavan, S., Smith, B.H., and Laurent, G. (1997). Impaired odour
discrimination on desynchronization of odour-encoding neural assemblies.
Nature 390, 70–74.
Tan, J., Savigner, A., Ma, M., and Luo, M. (2010). Odor information processing
by the olfactory bulb analyzed in gene-targeted mice. Neuron 65, 912–926.
Tikka, S.K., Nizamie, S.H., Das, B., Katshu, M.Z., and Goyal, N. (2012).
Increased spontaneous g power and synchrony in schizophrenia patients
having higher minor physical anomalies. Psychiatry Res. 207, 164–172.
Vincis, R., Gschwend, O., Bhaukaurally, K., Beroud, J., and Carleton, A. (2012).
Dense representation of natural odorants in the mouse olfactory bulb. Nat.
Neurosci. 15, 537–539.
Wang, X.-J. (2010). Neurophysiological and computational principles of
cortical rhythms in cognition. Physiol. Rev. 90, 1195–1268.
Whittington, M.A., Cunningham, M.O., LeBeau, F.E.N., Racca, C., and Traub,
R.D. (2011). Multiple origins of the cortical g rhythm. Dev. Neurobiol. 71,
92–106.
Xiong, W., and Chen, W.R. (2002). Dynamic gating of spike propagation in the
mitral cell lateral dendrites. Neuron 34, 115–126..
